The gamma-ray excess observed by the Fermi-LAT in the Galactic Center can be interpreted by the dark matter annihilation to bb via a light pseudoscalar in the NMSSM. It is interesting to note that the corresponding singlet scalar is useful to achieve a strongly first order phase transition required by the electroweak baryogenesis. In this paper, we investigate the possibility that the NMSSM model can simultaneously accommodate these two issues. The phase transition strength can be characterized by the vacua energy gap at zero temperature and be sufficiently enhanced by the tree-level effect in the NMSSM. We find that the annihilation of Singlino/Higgsino DM particles occurring close to the light pseudoscalar resonance is favored by the galactic center excess and the observed DM relic density, and a resulting small κ/λ and a negative A κ can also lead to a successful strongly first order electroweak phase transition.
I. INTRODUCTION
The weakly interacting massive particles (WIMPs) are the most popular and attractive nature and the distribution of DM due to the simple propagation and low energy loss. Such DM induced gamma-ray signatures from astrophysical sources with high DM densities, such as dwarf galaxies, galaxy clusters and the Galactic Center, have been extensively studied.
Recently, an extended gamma-ray excess of a few GeV in the GC was discovered in the Fermi Large Area Telescope data [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . Although the galactic center excess (GCE) is highly statistically significant, the diffuse gamma-ray background model in the GC would introduce some unclear systematic uncertainties. After considering such uncertainties, some studies still confirmed the existence of the GCE [10, 11] . The origin of the GCE may be astrophysical sources, such as a population of millisecond pulsars (MSP) [12, 13] . However, the MSP scenario is not easily explained the energy spectrum and spatial distribution of the GCE [14, 15] . Additionally, whether emissions from all MSPs can account for the total flux of the GCE is still under debate [13] .
A very attractive interpretation for the GCE is the DM annihilation. The spatial distribution of the GCE is compatible with the square of Navarro-Frenk-White DM distribution with a slop ∼ γ = 1.2. The energy spectrum of the GCE is well fit by a ∼ 30 − 40 GeV DM particle annihilating into bb with a cross section of σv 2 × 10 −26 cm 3 /s. A ∼ 7 − 10 DM particle annihilating into ττ with a cross section of σv 5 × 10 −27 cm 3 /s is also possible to fit the GCE, but the quality of this fit is lower than the fit for bb channel [8] . These models can be directly tested by the Fermi-LAT observations of dwarf spheroidal galaxies.
The latest Fermi-LAT results have improved the current limits by a factor of O(1) and set constraints on the DM models accounting for the GCE [16] . However, considering the uncertainties from the DM density profiles in the GC and dwarf galaxies, the tensions between different Fermi-LAT observations can be relaxed [17] .
In literatures, simplified models containing new mediators connecting DM particles to bb have been proposed to explain the GCE [18] [19] [20] . Since the masses of mediators required by the GCE are within the region of O(10 2 ) − O(10 3 ) GeV, they can be directly on-shell produced at colliders and then decay into DM particles. At direct detection experiments, even there is no directly interaction between the DM particle and light quarks at tree level, DM-b quark interactions may also induce DM-nucleon scatterings at loop level. Therefore, the results of collider and direct detection experiments would set constraints on simplified models accounting for the GCE [18] [19] [20] .
In principle, UV complete theories can be mapped into simplified models [21] . Supersymmetry (SUSY) is an very attractive and theoretical motivated new physics model; it can provide suitable DM candidates and mediators to explain the GCE. In the SUSY model, DM particles can annihilate into bb via t-channel exchange of light sbottoms. The limits on directly sbottom pair production from LEP and LHC results are very stringent. A more promising s-channel annihilation channel is through a pseudoscalar χχ → a → bb. Comparing with the annihilation mediated by a scalar, this process is not suppressed by the small DM velocity in the Galaxy. Since the pseudoscalar mediator accounting for the GCE is required to be lighter than ∼ 100 GeV, the LHC Higgs searches have set strong limits on the pseudoscalar in the context of the minimal supersymmetric standard model (MSSM).
An economical SUSY extension model evading all collider and direct detection limits is the next-to-minimal supersymmetric standard model (NMSSM) [22] , which provides a correct SM-like Higgs mass ∼125 GeV and solves the µ problem in the minimal supersymmetric standard model. In the NMSSM, the pseudoscalar mediator is the lightest CP-odd Higgs.
As pointed in Ref. [21] , the GCE and DM relic density can be simultaneously interpreted by the Singlino/Higgsino DM resonant annihilation or the Bino/Higgsino DM off-resonant annihilation via the exchange of light pseudoscalar (see also Refs. [23] [24] [25] [26] ).
Another fundamental problem in the Cosmology is the origin of the baryon asymmetry.
An attractive scenario is the electroweak baryogenesis (EWBG), where a strongly first order electroweak phase transition (SFOEWPT) is required to avoid the washout of the generated baryon asymmetry of Universe (BAU) [36] [37] [38] [39] [40] [41] [42] [43] . As pointed in Ref. [42] , the SFOFWPT would occur in R κ ∼ −1 and positive R κ ≤ O(10) in NMSSM, where R κ ≡ 4κv s /A κ is a critical parameter.
In this case, the lightest CP-odd Higgs is very light. It is interesting to find the connection between the DM phenomenology and the EWBG. In this paper, we have studied this problem in detail and found the suitable parameter space simultaneously accommodating the GCE, DM relic density and SFOEWPT in the NMSSM.
This paper is organized as follows. In Sec. II, we reviewed and resummarized the key of the strong first order electroweak phase transition in the NMSSM, and we make the energy gap analysis which gives the clue of EWPT. In Sec. III, the interpretations of GCE in NMSSM is reviewed, the resonance effect in the situation of κ/λ 1 is analyzed. In Sec.IV, the numerical analysis of the EWPT, GCE and DM relic density are carried out, the benchmark scenario which could explain GCE and give rise to the SFOEWPT and correct DM relic density is presented. In Sec.V, we summarized the work and give our discussions and conclusion.
II. STRONGLY FIRST ORDER ELECTROWEAK PHASE TRANSITION IN THE NMSSM
The NMSSM model can solve the µ problem in the MSSM and provide a 125 GeV Higgs boson without large loop corrections. Throughout this paper we restrict ourselves to the Z 3 NMSSM, where an extended superpotential is given by
After the singlet filed S getting a vacuum expectation value (VEV) v s , an effective µ term can be naturally generated
which is expected to be of O(10 2 ) GeV. The soft breaking terms in the Higgs sector are given by
The angle β is defined as 
where δm 2 loop and δm 2 mix denote the loop effects and the mixing effects on the Higgs mass. The dynamics of the EWPT are governed by the finite temperature effective Higgs potential, which reads
In Eq. 6, V Tree denotes the tree-level Higgs potential in the NMSSM. V CW is the well-known
Coleman-Weinberg potential at zero temperature [44] .
where i runs over all particles in the NMSSM, with each having degrees of freedom n i , field-dependent mass m i (ϕ l ) and spin s i . In this work, we adopt the Landau gauge and the DR scheme with renormalization scale Q to calculate V CW . In order to maintain tree-level relations involving VEVs, counter terms V CT should be introduced. V T denotes the thermal correction at the finite temperature,
which can be improved by daisy resummation contributions V daisy . In practice, this term can be achieved by inserting thermal mass contributions in the field-dependent mass.
To avoid the baryon asymmetry generated at the EWPT being washed out, the phase transition must be strongly first order, which can be quantitatively characterized in the perturbative calculation as
Here T c and v c are the critical temperature and order parameter of the phase transition.
We implement the effective potential Eq. 6 into the public package CosmoTransition [46] to evaluate the phase transition numerically and numerically perform a parameter space scan. As pointed out in previous works [39, 42, 45] , there are mainly three phase transition patterns in the NMSSM. When the temperature decreases, the Universe can directly transit from the symmetry phase into the electroweak breaking vacuum Ω EW (Type-III), or undergo a intermediate phase in the singlet subspace (Type-I) or the H u subspace (Type-II). It has been found that a strongly phase transition can be achieved in Type-I and Type-III transition without light squark contributions to thermal loops [42] .
The shape of the effective potential at zero temperature, more exactly, the energy gap between the symmetry phase and the broken phase (∆V ≡ V Sym − V EW ) | T =0 encodes the information on EWPT in the NMSSM. A smaller ∆V may lead to a lower T c and thus a large transition strength v c /T c . This correlation can be understood by
Following this insight, we can perform a semi-analytical analysis of the transition strength in terms of the energy gap [42] .
First of all, the potential energy of the electroweak vacuum can be divided into three parts at tree level
where the individual contributions are given by
Explicitly, the first part is the contribution from the doublet and is almost fixed by the SMlike Higgs mass. The second part is the pure contribution from the singlet. The third part results from the doublet-singlet mixing, which can be described by an auxiliary parameter
In the case of type-I phase transition, the universe transits into an intermediate phase in
the singlet subspace before the EWPT. The absolute minimum of the singlet subspace at zero temperature locates at the origin or
where x κ is given by
where R κ ≡ 4κµ/λA κ . The Tpyp-I transition occurs only if the u s is the absolute minimum with x κ < 1/9. The relevant energy gap can be easily obtained as [42] 
where V S is the tree-level potential energy of u s . It is obvious to see that a substantial deviation of u s from v s is crucial to decrease the energy gap away from the doublet limit set by the Higgs mass. The numerical results showed that the Type-I phase transition correspond two cases, in which either R κ 10 and −1 < R κ < 0 [42] . For the large |R κ |, the deviation of u s from v s would be small and is disfavored by the SFOEWPT.
Note that at tree level the vacua energy gap ∆V may be negative. Fortunately, the Coleman-Weinberg one loop correction would lift V S and reduce V EW , thus guarantee that the EW vacuum Ω EW is lower than Ω S . However, if the metastable vacuum Ω S is well below Ω EW , the finite temperature potential could not smooth out a large negative gap when the Universe cools down. In this case, the phase transition is not valid.
Then we consider the Type-III phase transition arising in the case that the origin is the absolute minimum in the singlet subspace or the origin is metastable. In this scenario, the tree-level energy gap is simply given by −V EW as
We can see that the singlet part will dominate the energy gap for a large µ. A small energy gap often requires a large negative A κ and −4/3 R κ < 0. For a moderate µ, the mixing part becomes important and a negative C A is useful to decrease the gap.
III. NMSSM INTERPRETATIONS OF GALACTIC CENTER EXCESS
The Galactic center excess( GCE) prefers a ∼30-40 GeV DM particle annihilating directly into bb with a cross-section about σv 2 × 10 −26 cm 3 /s. In this work, we would like to explain this excess by the annihilation of neutralino pair to bb via an s-channel light CP-odd pseudo-scalar in the NMSSM.
The neutralino mass matrix in the NMSSM is written as
The lightest mass eigenstate of the neutralino is the DM candidate, which is defined as:
The Majorana DM annihilation cross section to bb with a relative velocity v r for the 
where γ ≡ m a Γ a /4m 2 χ is a parameter defined by the pseudoscalar decay width Γ a , δ is a degeneracy parameter defined as
If δ is not very small, the DM annihilation occur off-resonance and is almost velocity independent. As discussed in Ref. [8] , the GCE and correct thermal DM relic density can be simultaneously accommodated as long as the product y 2 aχχ y 2 abb is adjusted to an appropriate value. In this case, the main components of the DM would be Bino and Higgsino in the limit κ/λ 1. Since the singlet scalar is heavy and is almost decoupled, the SM-like Higgs is similar to that in the MSSM. The singlet component of the lightest pseudoscalar can suppress its production cross section, hence the stringent limits on the the pseudoscalar mass from the LHC H/A → τ + τ − searches can be avoided. However, large κ/λ would enhance the −V S EW in Eq. (13), which is disfavored by the SFOEWPT. Furthermore, a very small λ is difficult to give a correct SM-like Higgs mass ∼ 125 GeV at tree level. Therefore, in this work we do not consider such parameter space.
In the limit κ/λ 1, the dominant component of the DM may be Singlino. In this case, the correlation between κ/λ and the DM mass m χ in the Z 3 NMSSM is
where the second equality corresponds to small m χ /µ. The DM would also have nonnegligible Higgsino components with a moderate µ value, which can be described by for
For the CP-odd Higgs, the absence of tachyon states favors a negative κA κ or a small positive κA κ . The constraints from the LHC Higgs researches also compress the allowed parameter space. If the heavier CP-odd Higgs is very heavy which is consistent with the Higgs observations, the lightest CP-odd Higgs mass can be written as
If λv sin 2β/2µ is not very large, the main component of the lightest pseudoscalar is singlet.
In this case, the coupling g abb is suppressed by a small active pseudoscalar fraction. At the same time, the coupling g aχχ is determined by small κ and small Higgsino fraction. This means present DM annihilation cross section should be enhanced by the resonance effect with small δ. From Eq. 22, we can see that the GCE can be easily explained by adjusting the combination g aχχ g abb /(δ 2 + γ 2 ) in the zero temperature limit. In the early Universe, the DM annihilation occurring close to the resonance is sensitive to the temperature [47, 48] .
If δ < 0 and |δ| is not very small, the σv r tends to have a larger value with a larger v r as the temperature increases in the early Universe. In this case, the DM relic density would be suppressed. Some non-thermal DM production mechanisms are needed to obtain the correct DM relic density. We do not consider such mechanisms and focuss on the thermal freeze-out mechanism here. For the δ > 0 case, from Eq. 22, we can see that the σv r always decreases as the temperature increases. This means the process χχ → a → bb can not sufficiently reduce the DM abundance in the freeze-out epoch. Some other DM annihilation channels are needed to generate the correct DM relic density.
IV. NUMERICAL RESULTS
In this section, we perform a numerical analysis to interpret the GCE and SFOEWPT in the NMSSM. We use the packages NMSSMTools 4.4.0 [49, 50] , micrOMEGAs 3.6.9.2 [51] and CosmoTransition [46] to scan a six-dimensional parameter space (λ, κ, A λ , λ κ , µ, tan β) with various experimental limits. Since we focus on the EWPT properties affected by the singlet sector, we assume that all the sfermions are heavy and fix soft breaking parameters
point, which can simultaneously explain the GCE and SFOEWPT, is given in Tab .I.
In order to understand the properties of the parameter distribution favored by the GCE and SFOEWPT, we plot Fig. 1 , where only two parameters κ and A κ vary in the parameter .1, red and blue lines denote DM mass m χ and mass difference of 2m χ − m a . The behavior of these lines can be easily understood from Eq. 24 and Eq. 27. In Fig .1 , we show the region consistent with the GCE with an annihilation cross section σv r | vr→0 in the range of (0.5 ∼ 4) × 10 −26 cm 3 s −1 . As expected from Eq. 22, there are two distinct strips near the contour 2m χ − m a = 0 which correspond to the cases δ > 0 and δ < 0 respectively.
If there is no other DM annihilation channel, it is difficult to explain the GCE and correct DM relic density simultaneously. In the lower green band for δ < 0, the DM annihilation occurring closer to the resonance in the early Universe would induce a very small relic density, while in the upper green band for δ > 0, the DM particles would be overproduced due to the suppression of the DM annihilation cross section in the early Universe. In the left panel In Fig. 1 and 2 , we also show the constraint from the direct detection. The LUX collaboration has set stringent constraints on the DM with mass ∼ O(10)GeV [55] . The spin-independent signature for our benchmark point is dominantly induced by the DMquark scattering process via the exchange of CP-even Higgs. The scattering cross section is strongly affected by Higgsino components in the DM. This explains why the parameter space with large λ and small µ would be excluded by the LUX results.
We depict the contours of v c /T c in Figs .1 and 2. It is can be found that there does exist a parameter space satisfying the DM results and SFOEWPT. Eq. 10 implicates the relation between the phase transition strength and the energy gap, deeper understanding of the SFOEWPT calls for a detail analysis of the energy gap. The energy gap at tree level ∆V tree and full numerical result with the Coleman-Weinberg one loop correction ∆V f ul are shown in Fig. 3 . We find that the variation tendency of phase transition strength v c /T c with respect to λ(κ) and µ(A κ ) is consistent with those of the energy gaps ∆V tree and ∆V f ul .
In our benchmark scenario, Type III SFOEWPT is preferred since the mixing term with a negative C A tends to sufficiently decrease the energy gap. The parameter dependence of the ∆V tree can be easily understood by Eq. 19 which is rewritten as
where the first term, middle two terms, and last two terms represent the contributions from the doublet, mixing, and singlet parts, respectively. For our benchmark model with κ ∼ O(0.01) and A κ ∼ −O(100) GeV, a negative contribution of κA κ v 3 s /3 dominates in the singlet part. Hence, ∆V tree decreases as κ and |A κ | increase in the region of κ < −A κ /6v s ∼ 0.035, and then the phase transition is enhanced as shown in Fig. 3 and Fig. 1 . From Eq. 28, we also find that ∆V tree is suppressed by the small λ in the mixing and singlet parts. The dependence of ∆V tree on µ is more complicated. In our benchmark scenario with a small κ, the contribution from the mixing part would be more important than that from the singlet part. In this case, it can be found that ∆V tree becomes more negative as µ decreases when µ > A λ sin 2β/4 ∼ 110 GeV.
Note that although the ∆V at tree level is negative in Fig. 3 , the loop corrections from the Coleman-Weinberg potential lifts up the ∆V tree and helps the phase transition to occur in the early Universe. The detailed discussions of the loop corrections to ∆V can be found in Ref. [42] . 
V. CONCLUSIONS AND DISCUSSIONS
In this work, we study the possibility that the GCE and SFOEWPT can be simultaneously explained in the NMSSM model. The GCE can be interpreted by the annihilation process χχ → bb via the exchange of a light pseudoscalar. For the Singlino/Higssino DM, the annihilation should occur near the resonance with a very small mass difference 2m χ −m a > 0.
In this case, the correct DM relic density is obtained by the DM annihilation via the exchange of a Z boson in the early Universe, meanwhile the present DM annihilation cross section accounting for the GCE can also be easily achieved.
Besides the mostly singlet pseudoscalar ∼ O(10) GeV required by the GCE, there is also an accompanying light CP-even Higgs in the scalar sector. Such singlet like scalar could decrease the vacua energy gap ∆V with a negative A κ and a moderate µ, which would lead to SFOEWPT required by successful EWBG. We find that there does exit the parameter space in which the GCE and the correct DM relic density can be interpreted by the Singlino/Higssino DM with SFOEWPT being realized at the same time.
The discussions in this work can be extended to the DM models containing new singlet
states. In such models, the Higgs spectra would be affected by the requirements from the EWPT and DM phenomenology. Discovering such new scalar sector at O(10)GeV is an excellent motivation for the future high energy collider experiments.
